Abstract. As the identification of surface defects is very important in fruit automatic detection, a new method for the detection of fruit surface defects based on fractal dimension is suggested. In this method, fruit image was collected using computer vision system. The fractal dimension of fruit image was calculated by an improved 'box dimension'. The fruit fractal dimension reflects the three dimensional characteristics of the fruit as well as information of the fruit surface. The detection of surface defects of fruits was performed according to a given threshold of fruit image fractal dimension. The results on Fuji apple fruits showed that the improved 'box dimension' method was effective and reliable in the detection of fruit defects for its improvement in the accuracy in the calculation of the fractal dimension.
Introduction
Although much progress has been made in fruit automatic grading world widely, the detection of fruit surface defects was the most difficult and became one of the limiting factors.
[1] In recent years, the development of the theory of fractal provides a new way for the detection of fruit surface defects.
[2, 3]
Fractal theory is an important branch of nonlinear scientific that gained much attention, which focuses on objects with irregular shape in nonlinear systems in nature. As fractal geometry has many advantages in describing and analyzing the chaotic, irregular and random phenomenon in nature in comparison with traditional geometry, fractal theory was widely used in mathematics, physics, chemistry, material science, biology, medicine, geography, earthquake, astronomy, computer science, and so on. In particularly, in computer science, the ideas and methods of fractal have been made much success in pattern recognition, natural images simulation, and signal processing. [4] In this paper, the detection of fruit defects was successfully performed by analyzing the fractal feature of the fruit image, which is obtained from a computerized image processing system.
The Calculation of Fractal Dimension of Fruit Image
The fractal dimension represents the irregularities of an object, reflecting the shape as well as the surface characteristics of geometric solids. At present, there are several methods concerning the calculation of fractal dimension, in which the 'box dimension' became one of the most widely used as it can be easily performed in computer.
[5]
The Traditional Method for the Calculation of 'Box Dimension'
Let F be a nonempty finite subset of R, N δ (F) be the amounts of the boxes covering F which has the maximum diameter δ.
[6] The lower and upper box dimension of F could be expressed as in formula (1) and (2), respectively.
If (1) and (2) are equal, the box dimension of F could be expressed as in formula (3).
In fact, the box dimension of F could be considered to be the increasing logarithmic ratios when δ→0, which can be estimated by the slope of logN δ (F) andlogδ.
The calculation of box dimensions could be described as follows. [7] A gray image could be considered to be a three-dimensional space (x, y, z), z being the gray values of the pixel (x, y). Thus, a three-dimensional curved surface can be formed with the total three-dimensional pixels of the gray image, which can be considered to be a nonempty finite subset F in the three-dimensional space. In the three-dimensional space, cube boxes of size r×r×r are piled in the x, y, z directions. If these boxes are enough to cover the whole curved surface of the gray image, the amounts of boxes that intersect with the curved surface of the image should be N δ (F) (Figure 1 ). N δ (F) can be calculated as follows. The M × M gray image is divided into grids of r×r size in the x -y plane (1<r≤M /2, r being an integer), with a cube box of r×r×r size existing in each grid. Let the minimum and maximum gray value of the image in the (i, j) grid lie in the k box and the l box from bottom-up, respectively, there comes formula (4) . n r (i, j) =l-k+1 (4) In formula (4), n r (i, j) is the amounts of boxes that is needed to cover the image of the (i, j) grid, and N r is the total boxes covering the whole image, which can be expressed in formula (5) .
According to formula (5) , different values of N r can be obtained with different values of r. Thus, the slope of (log (N r),-log (r)), namely the box dimension D, can be fitted using linear least squares regression. In computer, the algorithm for the calculation of the fractal dimension of a gray image is as follows.
i. Binarization of the image. Namely, the value of matrix elements of the image is let to be either 1 or 0.
ii. Partition of the binary image. Within each parts of the image, its row = column=K(K=1，2，4，…，2i). Thus the image is partitioned into parts of 2
≤the length of the image. iii. Calculation of the pixels. The amounts of image parts that contain the pixel "1" are calculated which is denoted as N K , Thus a serious of values N 1 ，N 2 ，……， N (i+1) as well as data pairs (K，N K ) with the amounts of (i +1), are obtained.
iv. Curve fitting. A straight line can be obtained using least squares method (-logK， logN K ).
v. Calculation of the fractal dimension of the image. The slope of the fitted line, namely the fractal dimension of the image, was determined.
In this method, as all of the cubes are located in a fixed position in the calculation of amounts of boxes N δ (F), there are some disadvantages in the calculation of box dimensions. For example, there are situations that although the curves of some image surfaces are slight, they cover between two cubes. Therefore, the amounts of boxes covering this kind of surface are even more than the amounts of boxes covering image surfaces with larger curves. In this situation, there are some boxes that are not in set F. In the condition of δ→0, this effect on the calculation of box dimension is negligible. But for digital images, δ is not always very small. In this condition, the calculation of box dimensions is affected as the surface is not totally covered by cubes. This situation might get even worse with even larger δ values.
An Improved Method for the Calculation of 'box dimension'
To solve this problem, an improved method for the calculation of box dimensions was suggested in this paper, which eliminated the effects of 'empty boxes' in comparison with the traditional method, by covering the image surface with the least amount of δ-cubes. In the improved method, the cubes are not confined to a fixed position; instead, they can move along the z axis . [8] In this method, great improvement was achieved in the calculation of box dimensions due to reduced amounts of boxes as well as improvement in the tightness that the boxes cover the image surface. The essence of this improved method is that the cuboids of size r×r×r' with variable heights are adopted to cover the image surface instead of the fixed-size cubes of size r×r×r. This method does not disobey the definition of box dimension; instead, it approaches even more close to the essence of the definition of box dimension in comparison with the traditional method for the improvement in the tightness that the boxes cover the image surface ( Figure 2 ). The realization process is as follows. The M×M gray image is partitioned into grids of r×r size in the x-y plane (M 1 /3 ≤r≤M /2, r being an integer). Each grid encloses a series of boxes of r×r×r′ size, whose height r′ is a variable, as shown in Figure 2. i. Calculation on the amounts of boxes within the (i, j) grid. Firstly, the serial number of the boxes in each pixel is tracked and scanned within the (i, j) grid; secondly, the gray value of each pixel is calculated within the (i, j) grid; finally, the statistical result, namely the set of index i, j , can be obtained.
ii. Scan of the set index i, j . In the scanning, elements that appear only once are totally adopted while elements that appear more than once are considered to be the same. A new set indexnew is used to record the serial number of different boxes. The set indexnew can be expressed in formula (6) . 
iii. Let the amounts of elements in Indexnew be Q. It means that in the (i, j) grid, the amounts of boxes that cover curved surface of the image is n r ( i, j) =Q. Thus the amounts of boxes in all the grids are the sum of the amounts of boxes in each grid. It could be expressed in formula (5) .
iv. Finally, the value of N r with different values of r could be calculated according to formula (5) , and thus the fractal dimension D of the image can be obtained according to formula (7) . D = log N r / log(1/r) (7) However, it should be pointed out that much costs would be needed in the calculation of the amounts of boxes in the (i, j) grid in comparison with the traditional method, which should be resolved to work more efficiently in this algorithm.
Detection of Surface Defects of Fruits Based On Fractal Dimension
This improved algorithm of differential box-counting can be used in fruit surface defects detection. Firstly, fruit image was collected and preprocessed (including graying, noise filtering). Secondly, an appropriate threshold was set, and then removal of the background and binarization of the isolated fruit image was performed.
[9]
Thirdly, fractal dimension D of the fruit image was calculated using the improved box dimension algorithm. Finally, the threshold of fractal dimension D thd was determined according to different kinds of fruits, which is used to determine whether the fruit has defects or not. The flow chart of this process is shown in Figure 3 . 
Detection of Surface Defects in Fuji Apple Fruits
To test whether this method is reliable in fruit defects detection, 50 Fuji apple fruits that have surface defects (defective fruits) and 50 normal fruits were selected. The experimental device was shown in Figure 4 . The image acquisition card is DH-CG410 (Daheng Company, China). The image size is 512 × 512 pixels. CCD camera is WV-CP230 (Panasonic). In order to reflect the entire surface of the fruit and to eliminate the effect of position and directions of the fruit on the detection results, eight images were collected for each fruit from random directions. Totally 800 fruit images were collected, which were numbered by letters plus numbers. For example, the 8 images of sample 1 were numbered as A1, B1, C1, D1, E1, F1, G1, and H1, respectively. The representative gray images of 6 samples were shown in Figure 5 and the fractal dimensions derived from this improved method were shown in Table 1 . Table 1 shows that for the same sample, there was no much difference between the maximum and the minimum box dimensions, indicating that this improved boxcounting method was reliable.
The fractal dimension threshold D thd is set to be 1.30 based on this experiment. According to this value, the detection results of the selected 100 apples are shown in Table 2 . 
Conclusion and Discussion
This method of surface defects detection on fruits based on fractal dimension provides a new way in fruit automatic detection. The fractal dimension of the fruit image reflects the defective area as well as the characteristics of its spatial distribution. The experimental results with Fuji apples showed that this algorithm was effective in the identification of fruit defects. In practice, a database that contains the fractal characteristics of different kinds of fruits should be established. It should be pointed out that the effects of fruit stem on the detection results in this method should be considered in future research.
[10]
